Abstract Peak ground velocity (PGV) has many applications in earthquake engineering, but there are relatively few prediction equations for this parameter in comparison with the large numbers of equations for estimating peak ground acceleration and response spectral ordinates. This lack of empirical equations for PGV has led to widespread use of the practice of scaling peak velocity from the 5%-damped response spectral ordinate at 1 sec, which is a poor substitute for direct prediction of the parameter. Responding to the need to provide equations for the prediction of PGV, this article derives new equations using the strong-motion database for the seismically active areas of Europe and the Middle East, following a new processing of all of the records. A total of 532 strong-motion accelerograms recorded at distances of up to 100 km from 131 earthquakes with moment magnitudes ranging from M 5 to 7.6 are used to derive equations for both the larger and the geometric mean of the horizontal components. The predictions are found to be broadly consistent with those from previous European equations, and also with preliminary results from the Next Generation of Attenuation (NGA) project, suggesting that systematic differences in ground motions from active crustal regions, if any, are sufficiently small not to prevent the combined use of strong-motion data from southern Europe, western North America, and other tectonically active areas of shallow crustal seismicity.
Introduction
Peak ground velocity (PGV) has many applications in engineering seismology and earthquake engineering. Newmark et al. (1973) used PGV, together with peak ground acceleration (PGA) and displacement (PGD), to construct elastic response spectra for design. The same concept has been adopted in some seismic design codes, notably the 1985 Canadian code, which used maps of both PGV and PGA for the construction of the elastic spectrum (Basham et al., 1985) . Extensive work has been conducted in Canada on the engineering significance of the PGA/PGV ratio, in particular as a measure of the frequency content of the ground motion (Tso et al., 1992) . Bommer et al. (2000) adapted the same idea to use the PGV/PGA and PGD/PGV ratios to estimate the respective corner periods at which the constant acceleration plateau ends and the constant displacement plateau begins.
PGV has also been found to correlate well with earthquake damage to buried pipelines (e.g., O'Rourke and Ayala, 1993; Eidinger et al., 1995; Davis and Bardet, 2000; Iosyama et al., 2000; O'Rourke et al., 2001) . Fragility relationships for buried pipelines expressed in terms of PGV are included in the manuals of the American Lifelines Alliance (ALA, 2001 ) and in HAZUS (FEMA, 2003) . PGV has also been included as a parameter in some recent methods for estimating the potential for soil liquefaction (Kostadinov and Towhata, 2002; Orense, 2005) .
PGV, despite its simplicity in being the amplitude of a single peak in the velocity trace, has also been shown to be a robust indicator of the potential of the ground motion to cause structural damage. Wald et al. (1999) found that PGV correlates well with higher values of Modified Mercalli intensity (MMI), and Kaka and Atkinson (2004) similarly found good correlations between PGV and intensity in eastern North America. Several studies in Japan have found PGV to correlate well with observed structural damage, in particular, in the well-recorded Hyogo-ken Nanbu M 6.9 earthquake of 1995 (Miyakoshi et al., 1998; Yamazaki and Murao, 2000; Morii and Hayashi, 2003) . PGV has been found to be particularly useful as an indicator of the potential for the ground motion to cause damage in structures of intermediate response period, which is reflected in the damage parameter proposed by Fajfar et al. (1990) , which is the product of PGV and the fourth-root of the strong-motion duration. More recently Akkar and Ö zen (2005) explored the influence of various ground-motion parameters on the inelastic demand on single-degree-of-freedom (SDOF) oscillators, finding a good correlation between PGV and the inelastic demand in the intermediate period range. Figure 1 . Variation of maximum roof drift ratio (MRDR) and maximum interstory drift ratio (MIDR) as a function of PGV for multistory structural systems (Küçükdogan, 2007) .
The work of Akkar and Ö zen (2005) has recently been extended by Küçükdogan (2007) , who analyzed the response of several multi-degree-of-freedom (MDOF) moment-resisting frame structures under several strong-motion records from moderate and large magnitude earthquakes. The structures analyzed have fundamental periods of vibration between 0.3 and 1.0 sec; Figure 1 shows that PGV correlates well with maximum roof drift and maximum interstory drift ratios. These results confirm the usefulness of PGV as a simple but robust indicator of damage potential.
Despite the wide range of applications that PGV has in earthquake engineering, surprisingly few equations have been published for the prediction of this parameter, especially in comparison with those for PGA and spectral acceleration ordinates (e.g., Douglas, 2003) . There is a widespread practice of estimating PGV by dividing the pseudospectral velocity (PSV) at 1.0 sec by 1.65, which is the factor of proportionality used by Newmark et al. (1973) in their spectrum construction technique, as reported by Newmark and Hall (1982) . Pankow and Pechmann (2004) point out that "due to the lack of recent PGV predictive relations, this Newmark and Hall method is gaining popularity." The historical development of this practice has been reviewed by Bommer and Alarcón (2006) , who point out that the Newmark-Hall method scaled PGV to obtain estimates of response spectral ordinates at intermediate periods, but was not intended as a tool for the estimation of PGV from spectral ordinates. Bommer and used published ground-motion prediction equations, stochastic simulations, and a large strongmotion dataset to demonstrate that the ratio of PGV to the 1-sec spectral ordinate is rather variable, in particular with magnitude, and that a more stable relationship exists between PGV and the spectral ordinate at 0.5 sec. Booth (2007) has developed other, more complex approaches for estimating PGV from response spectral ordinates, showing that a more stable (and almost magnitude-independent) relationship exists between PGV and the peak in the PSV spectrum, which can be explained by the magnitude dependence of the period at which the peak spectral velocity occurs .
All of these approaches, however, can only ever be considered as approximate techniques for estimating PGV and it is preferable to develop equations for the direct prediction of this parameter. Indeed, it is to be hoped that, henceforth, predictions for PGV will be routinely included with equations for spectral ordinates in the same way as PGA is included. In this respect, note that the Next Generation of Attenuation project will include PGV among the predicted parameters (Power et al., 2006) . The NGA databank includes 3543 records from 173 crustal earthquakes , dominated by recordings from the western United States and Taiwan. The dataset includes some accelerograms from Europe and the Middle East, in particular from the 1999 Turkish earthquakes, but does not include most of the now rather extensive databank from this region; in this study databank refers to the collection of accelerograms and database to the catalog of associated parameters. In this study we use almost the same dataset employed by Ambraseys Table 1 Characteristics of PGV Prediction Equations Derived from European Strong-Motion Data 
number of records and number of earthquakes in dataset; C, component definition; L, larger horizontal component; B, both horizontal components; G, geometric mean; V, maximum vector resolution; M min , M max , minimum and maximum magnitudes in dataset; M, magnitude scale; R min , R max , minimum and maximum source-to-site distances (km) in dataset; R, source-to-site distance metric (see Abrahamson and Shedlock, 1997) ; S, number of site classes in predictive model; U, unknown (i.e., not specified in original publication). et al. (2005) to derive equations for PGA and spectral acceleration ordinates, although the records have been reprocessed for this study. Our objective is to produce robust PGV prediction equations for use in the seismically active parts of Europe and the Middle East. At the same time, the equations allow comparisons with those from other regions, most notably the western United States and the effectively global equations from the NGA project, to explore the degree of similarity in ground-motion predictions for Europe and other regions. A preliminary exploration of the applicability of NGA equations to Europe has been carried out by Campbell and Bozorgnia (2006a) . We extend that exploration in this study through the use of the new PGV equations and answer the question of the applicability of western U.S. equations in Europe and vice versa. This also addresses the question of whether the European and NGA strong-motion databases should be combined for the derivation of robust global equations for application in active crustal regions.
Existing PGV Equations for Europe and the Middle East Table 1 summarizes the principle characteristics of several PGV prediction equations derived using data from Europe and the Middle East. A detailed discussion of each of these equations and comparisons of their predictions are outside the scope of this study; the only point of interest is whether there is justification to produce new equations, which is the purpose of this study.
The first thing that can be appreciated from Table 1 is that 7 of the 10 equations are for specific countries, three having been derived for Greece and another three for Italy. For this study, data from throughout the seismically active areas of Europe, North Africa, and the Middle East are combined. The rationale for this decision is that there is no compelling evidence of systematic regional variations (that cannot be accounted for by style-of-faulting and site classification) and that any regional variations that do exist are not sufficient to outweigh the obvious advantages of using a much larger databank to constrain the equations. Figure 2 compares the predictions for earthquakes of surface-wave magnitude (M s ) 5.5 and 7.0 obtained from the Greek equation of Margaris et al. (2002) and the European equation of Tromans and Bommer (2002) . Empirical adjustments were made for the use of different magnitude scales using the empirical relationship of Ambraseys and Free (1997) and for different definitions of the horizontal component using the results of Beyer and Bommer (2006) . For the smaller earthquake (M s 5.5), the distance metrics employed in the two equations may be considered equivalent, whereas for the larger event an adjustment was made following the results of Scherbaum et al. (2004) as implemented by Bommer et al. (2005) .
For the smaller earthquake, the predicted PGV values are almost identical. For the larger event, there are appreciable differences in the predicted values at short distances (Ͻ15 km) but this could easily be attributed to the use of different metrics and the large uncertainty that is inevitably associated with the distance conversion. These observations suggest that combining data from across the active regions of Europe and the Middle East, and thereby obtaining betterconstrained equations, is preferable to trying to obtain national equations. Indeed, within some of the countries for which equations have been derived, such as Italy, there are distinctly different tectonic regions: earthquakes in central and southern Italy are of a predominantly normal rupture mechanism, whereas those in the northeast of the country are predominantly reverse events. The equation of Sabetta and Pugliese (1996) , however, does not include styleof-faulting as a predictive parameter. The equation of Rinaldis et al. (1998) is derived from data from both Italy and Greece, but there are many features that argue against its use, including the fact that the horizontal component definition used is not stated and the equation predicts higher peak ground velocities for normal faulting events than for other rupture mechanisms, which is counter to the findings in most other studies. In addition to being for specific areas within Europe, most of the equations have rather low upper limits of applicability in terms of earthquake magnitude, which limits their applicability for general seismic-hazard assessment. For the equations of Dost et al. (2004) and Frisenda et al. (2005) these limits are so low as to render the equations of little relevance to earthquake-resistant design. The upper local magnitude (M L ) limit in the equation of Bragato and Slejko (2005) is 6.3, which makes it applicable for hazard analysis in the region for which it was derived. However, this is still too small for the limits of integration in probabilistic seismic-hazard analysis used in most active regions. The equation of Pankow and Pechmann (2004) is an update of the equation of Spudich et al. (1999) for extensional tectonic regimes, using a dataset that includes many records from Europe, in particular Italy and Greece. The equation, which was actually constrained to have the same magnitude-scaling coefficient as the western U.S. equation of Joyner and Boore (1988) , could be used for extensional areas of Europe but is clearly not suitable for general application to seismic-hazard analysis across the active areas of southern Europe, North Africa, and the Middle East. Another possible limitation of this equation for general application is the rather high reference shear-wave velocity for rock sites. The one equation that has broad applicability across Europe and the Middle East is that of Tromans and Bommer (2002) . There are several limitations regarding this equation that motivate the current study to produce a new European equation for PGV. The first feature is that upon re-evaluation it was concluded that the filters applied to the recordings were excessively severe, with the consequent result that the PGV values were likely to have been underestimated (Boore and Bommer, 2005; Akkar and Bommer, 2006a) . In addition, more strong-motion data from the region are now available than were used in the Tromans and Bommer (2002) study. Notwithstanding that this study uses a lower M limit of 5 rather than M s 5.5 in Tromans and Bommer (2002) , the dataset used herein contains more than twice as many accelerograms. Moreover, the Tromans and Bommer (2002) equation, which uses a simple functional form and does not include the styleof-faulting, predicts only the larger component of horizontal motion, whereas the geometric mean is now more widely employed. Finally, the earlier European equation uses M s rather than moment magnitude and the functional form did not consider the possibility of a quadratic term in magnitude. In light of all these observations, it was decided that it would be valuable to carry out this new study to produce equations for the prediction of PGV in Europe and the Middle East.
Strong-Motion Dataset and Record Processing
In essence the strong-motion database used for this study, as noted earlier, is almost the same as that employed by Ambraseys et al. (2005) to derive equations for the prediction of PGA and 5%-damped spectral acceleration ordinates, but excludes those records that were available only as filtered traces. The earthquakes and their salient characteristics, including the number of records generated by each event, are listed in Table 2 . One important difference with respect to the database of Ambraseys et al. (2005) concerns the style-of-faulting classification. Following Frolich and Apperson (1992) , Ambraseys et al. (2005) included a class of fault ruptures identified as odd, and included this category as a predictor variable in their ground-motion model. Since it is very unlikely that this category will ever be used in predictions, we opted instead to reclassify the odd ruptures (most of which are oblique) according to the dominant mechanism, using the rake angle as suggested by Sadigh et al. (1997) . In the final database, the records are distributed among reverse, normal, and strike-slip ruptures approximately in proportions of 1:2:2 (Fig. 3) .
The recording stations were classified according to the Just 2% of the records are from very soft soil sites (V s30 Ͻ 180 m/sec) and these are included in the soft soil category. The statistics of the database with respect to site classification and style-of-faulting are presented in Table 3 , and the magnitude-distance distribution of the data in the three style-of-faulting categories, with symbols to indicate site classification, is shown in Figure 3 .
The magnitude scale used to classify the size of the earthquake events is M. The distance metric employed is the Joyner-Boore distance (R jb ), which is the shortest horizontal distance from the surface projection of the fault rupture. For smaller events, epicentral distance (R epi ) is often used because it is not possible to determine the location of the fault rupture; however, for earthquakes smaller than M 5.5, the two distance metrics may be considered equivalent. On the basis of the data distribution indicated in Figure 3 , it is reasonable to assume that equations derived from regression analysis on these records will be valid for distances from 5 to 100 km and for events between M 5 and 7.6. The scarcity of near-source recordings is clearly a deficiency of this database, and for the assessment of PGV at sites in proximity to major active faults, it is recommended that use be made of equations derived specifically for this purpose, such as Bray and Rodriguez-Marek (2004) .
There are two notable features of the database in terms of magnitude-distance distribution. The first is that 42 of the records are from events producing single accelerograms, which are almost evenly split between normal and strike-slip ruptures. This has implications for the regression method used since the two-stage regression approach employed by Joyner and Boore (1981) , for example, effectively eliminates any influence of such records. The second feature is that about 80% of the records from larger events (M Ͼ7) are accelerograms obtained from the 1999 İzmit and Düzce earthquakes in Turkey. Therefore, prediction equations derived from this database will be controlled by these two events for large magnitudes. Specific studies conducted on the main features of these earthquakes stated that peak ground-motion values and response-spectral ordinates in the near-fault region (i.e., source-to-site distances less than 20 km) are low when compared with the estimations of recent ground-motion prediction equations (Ratjhe et al., 2000; Ş afak et al., 2000) , possibly because these earthquakes are associated with surface rather than buried fault ruptures (Kagawa et al., 2004) .
Although the database employed in this study is essentially the same as that used by Ambraseys et al. (2005) , this is not the case for the databank because the records have been reprocessed for this study (Akkar and Bommer, 2006a) . The value of PGV obtained from integration of an accelerogram is sensitive to the selected filter parameters used to process the record. Figure 4 shows the velocity traces from two records of the Düzce earthquake, one from an analog (SMA-1) instrument and the other from a digital (GSR-16) instrument, after passing the accelerograms through low-cut filters with different cutoffs.
Changing the low-cut filter period (T c ) from 10 to 5 sec results in a 22% decrease in the PGV value obtained from the analog recording, whereas for the digital record the reduction in PGV is only 3%. Since almost two-thirds of our data are from analog instruments, it is clearly important to carefully select appropriate filter parameters. The strongmotion databank from Europe and the Middle East has been processed many times, originally with a constant filter cutoff of 0.25 Hz (Ambraseys et al., 2000) . Figure 5 compares the PGV values obtained from the databank filtered in this way with those obtained from the processing applied by Akkar and Bommer (2006a) . The plots show that the filter cutoff should vary with magnitude, and that the PGV values of the Ambraseys et al. (2000) dataset are probably underestimated for larger earthquakes.
As noted in the previous section, Tromans and Bommer (2002) applied a different processing to the European and Middle East strong-motion dataset, but it has been established that the applied filters were too severe, resulting in PGV values that will have been underestimated. Ambraseys et al. (2004) refiltered the European strong-motion records, using an approach similar to that adopted by Akkar and Bommer (2006a) for this study, but without checking the selected filter cutoffs against the theoretical corner frequencies as was done in the latter study. Another feature of the filtering applied by Ambraseys et al. (2004) was the use of pre-event memory on digital recordings as a model for the noise, a practice that has been questioned because there is a component of noise that only manifests during the recording phase (e.g., Boore and Bommer, 2005) . Figure 6 compares, for different site class groups, the PGV values obtained by Ambraseys et al. (2004) with those obtained by Akkar and Bommer (2006a) for this study.
The plots in Figure 6 clearly show that the discrepancy between these two procedures is significant for largemagnitude events and for recordings in the soft soil sites. For larger magnitudes and lower shear-wave velocities (i.e., soft site classes) the PGV values obtained by Akkar and Bommer (2006a) are considerably larger than those computed by Ambraseys et al. (2004) . Among the records showing large differences between the two studies, two of them (recordings from large-magnitude events) are indicated by arrows and relevant labels in Figure 6 . Of these two cases, the geometric mean and maximum horizontal component PGV values computed by Akkar and Bommer are approximately four times larger than those of Ambraseys et al. (2004) for the Yarımca (soft site) record (12 November 1999 M 7.2, Düzce event). The low-cut filter used by Akkar and Bommer is 0.04 Hz, whereas Ambraseys et al. (2004) used a low-cut filter value of 0.5 Hz for this particular record, which results in such a significant difference in the computed PGV values. Similarly, the Göynük (stiff site) record from the same event reveals PGV differences of the same order. The differences in PGV can also be attributed to the filter cutoff values selected by Ambraseys et al. (2004) and Akkar and Bommer (2006a) during the record processing, which were at 0.6 Hz and 0.08 Hz, respectively.
These findings support the discussions presented in Akkar and Bommer (2006a) : the ground-motion parameters used in engineering studies are influenced by the selected filter cutoffs. If the processing scheme considers the influence of important seismological features (such as magnitude and site class), the resulting engineering ground-motion parameters have a physically more justifiable basis.
Functional Form and Regression Analysis
The explanatory variables selected for the predictive equation are M, Joyner-Boore distance, site class, and styleof-faulting. In terms of the predicted variable, it was decided to derive equations for both the larger (MAX) value of PGV from each pair of horizontal components and the geometric mean (GM) of the two horizontal PGV values from each accelerogram. We did not adopt the new definitions of geometric mean proposed by because they have been found not to result in any appreciable reduction of the aleatory variability of the residuals (Beyer and Bommer, 2006) . Akkar and Bommer (2006b) explored the use of several functional forms for the model, finding that the optimal Figure 3 . Distribution of the data with respect to magnitude, distance, site classification, and style-of-faulting. model included both a quadratic term in magnitude and magnitude-dependent geometrical spreading. Various studies (e.g., Boore et al., 1993 Boore et al., , 1997 Campbell 1993 Campbell , 1997 Sadigh et al., 1993 Sadigh et al., , 1997 Abrahamson and Silva, 1997) included higher-order terms for scaling of ground motions with magnitude to adequately account for the variation of ground-motion parameter particularly dominated by the low-frequency ground-motion components. The functional form with quadratic term also yielded unbiased variation of residuals as presented in Akkar and Bommer (2006b) . The inclusion of a quadratic magnitude term is supported by the variation of empirical data as presented in Figure 7 . The scatter diagram presented in the upper left corner of the figure shows the changes in PGV GM (geometric mean of PGV) as a function of magnitude for the entire database. The other scatter plots and regressed curves show the average trend in PGV GM as a function of distance for different site classes. The lower, middle, and upper lines fitted using standard regression analysis on the scatter points that are averaged for 5 Ͻ M Ͻ 5.4, 6 Ͻ M Ͻ 6.4, and M Ͼ7 at 10-km intervals, respectively, show the general trend in PGV GM . The plots suggest that at short distances and large magnitudes, the PGV GM values tend to level off and stabilize, which can be interpreted as the saturation of peak groundmotion values. The plots presented also indicate that the decay of PGV GM as a function of distance varies for different magnitude levels. The decay rate for PGV GM is slower for larger magnitude events, revealing magnitude dependence in the decay rate. These observations support the previous remarks of Atkinson and Boore (2003) and Frankel et al. (1990) that are discussed in Ambraseys et al. (2005) . Similar variations are also valid for PGV max (absolute maximum of the horizontal components).
The model does not include a term for anelastic attenuation because the dataset was found to be insufficient to simultaneously constrain both this term and the geometrical spreading, yielding positive values of the coefficient for anelastic attenuation. The model also does not include an explicit term for hanging-wall effects, although it has been noted that use of the R jb distance definition partially accounts for this effect by assigning zero distance to stations located above dip-slip fault ruptures.
The general form of the equation is:
where M is M; S A and S S are dummy variables representing the influence of site class, taking values of 1 for stiff and soft soil sites, respectively, and zero otherwise; F N and F R are dummy variables for the influence of style-of-faulting, taking values of 1 for normal and reverse ruptures, respectively, and zero otherwise. The unit of PGV xx is cm/sec and the subscript xx is used to denote either GM or max. The logarithmic expressions in the functional form are logarithm of base 10. A notable feature of the model is the linear dependence on site classification, which therefore precludes consideration of any effects of soil nonlinearity, which might be considered as a deficiency. The residuals of PGV are analyzed subsequently specifically to identify whether there is evidence for soil nonlinearity and, therefore, if a correction needs to be applied for this effect.
The prediction equations have been derived using a onestage maximum-likelihood method . The reason that a two-stage regression has not been employed is because, as mentioned previously, there are many singly recorded events in the dataset and the two-stage regression can lead to an underestimation of the aleatory variability with such datasets (e.g., Spudich et al., 1999) . Joyner and Boore (1993) found that the one-stage maximum-likelihood technique and the random-effects regression technique proposed by Brillinger and Preisler (1984) yield the same coefficients.
Although the random-effects model (Abrahamson and Youngs, 1992) has not been employed here, the chosen regression technique does distinguish between the interevent and intra-event components of variability. Pure error analysis (Draper and Smith, 1981 ) is used to assess the magnitude dependence of the PGV GM and PGV max dispersion in the database. This method was initially used by Douglas and Smit (2001) for upper-limit estimation on the accuracy of ground-motion prediction equations independent from the functional form, and subsequently applied by Ambraseys et al. (2005) ; herein, the procedure has been implemented as in the latter study. The dataset is divided into 0.2M by 2-km intervals (representative of repeat runs for pure error analysis) to compute the unbiased standard deviation, r, of PGV GM or PGV max within each interval. The unbiased standard deviation is computed using the maximum-likelihood method described in Spudich et al. (1999, Appendix A) . The magnitude versus unbiased standard deviation scatter shows a dependence of r on M that is described by the fitted straight lines: r GM ‫ס‬ 0.730 ‫מ‬ 0.083M and r max ‫ס‬ 0.748 ‫מ‬ 0.086M through standard regression analysis (Fig. 8) .
This observation is consistent with the studies of Youngs et al. (1995) that reported a decrease of standard error with increasing magnitude. The linear relationships derived from the scatter plots in Figure 8 reveal that the magnitude dependence is more prominent for the maximum PGV component. The gradients of these functions are significantly different from zero at the 5% level, indicating that the magnitude dependence cannot be rejected for both variables and it should be accounted for in the regression analysis. The incorporation of magnitude dependence into the regression analysis is achieved by using weighting functions, which are the reciprocals of the r best-fit lines presented previously, as done by Ambraseys et al. (2005) . In essence, the weights reflect lower variability in ground-motion values recorded in largemagnitude earthquakes. Given a magnitude range, the standard deviations computed after the regression analysis should be multiplied with the reciprocal of the corresponding weights to estimate different percentiles of PGV GM and PGV max .
The regression coefficients for equation (1) for both the larger and the geometric mean horizontal components are presented in Table 4 . The residuals are examined to confirm that the results are unbiased and also to explore whether the assumption of a lognormal distribution of the residuals is valid. Figure 9 shows the weighted residuals for both component definitions as functions of the weighted magnitude and distance.
The corresponding normal distributions are presented on the right-hand side of each plot and compared with the histograms of the residuals, confirming their lognormal distribution. The actual residual histograms presented in Figure  9 suggest that there is no obvious residual dependence on magnitude or distance. A more complete analysis to validate the preceding observation is fitting trend lines on the absolute value of residuals. Fitting trend lines on residuals with their associated signs may result in a zero or insignificant slope (indication of magnitude independence of residuals), if the number of positive and negative residuals with almost equal distances from zero is larger for small magnitudes than for higher magnitudes. This delicate point in conventional residual analysis can be surmounted by fitting trend lines on the absolute values of residuals that would yield an unbiased observation on the magnitude dependence of residuals.
Is There Evidence for Soil Nonlinearity?
As noted previously, the functional form adopted for the regression analysis assumes a linear dependence of PGV on the site classification, so that PGVs on stiff and soft soil sites are amplified with respect to rock sites by a constant factor, regardless of the amplitude of the rock motion. Many recent ground-motion prediction models have incorporated soil nonlinearity (e.g., Abrahamson and Silva, 1997; Campbell and Bozorgnia, 2006a, b) whereby the increase of soil damping and the decrease of shear modulus with increasing shear strain result in strong rock motions being amplified less than weaker motions in the underlying rock. Figure 10 shows the residuals plotted against the predicted value of PGV for each site class, together with a best-fit line to reveal any trends in the residuals.
The trend lines in these plots could be interpreted to indicate an overestimation of the velocities on soft soil sites for combinations of large magnitude and short distance that produce high median estimates of rock motions, although the gradient of the trends line is not very different from zero. Similarly, the trend lines indicate slight underestimation of the rock motions for lower amplitudes, which may also result from neglecting soil nonlinearity in the regression analysis. Table 5 Average An alternative way to explore the possible influence of soil nonlinearity is to examine the average residuals in different magnitude-distance bins. Tables 5 and 6 present the average residuals only for soft (and very soft) soil site records, for the geometric mean and larger horizontal components, respectively. If soil nonlinearity were to exert a strong influence on the data, the residuals (calculated as the logarithm of the observed values minus the logarithm of the predicted values) would tend to be negative in the lower lefthand side of the table, indicating overestimation of the surface motions at short distances from large earthquakes. No such clear trends are observed; in fact, the variation of average residual values from one bin to another appears fairly random, which is probably a facet of the rather sparse data in many of the magnitude-distance intervals, as indicated in parentheses in the tables.
In conclusion, although we do not dispute the existence of soil nonlinearity, we believe that these analyses suggest that its influence is not strongly apparent in the dataset employed for this study. This justifies, we believe, the use of a model with linear scaling of ground motions for stiff and soft soil sites. Skarlatoudis et al. (2003) and the equation for extensional regimes by Pankow and Pechmann (2004) . Although all three styles-of-faulting are encountered in Greece, the simplifying assumption is made herein that normal faulting and extensional tectonics dominate. This is supported by the distribution of the dataset employed in the Skarlatoudis et al. (2003) study; hence, these two equations may be considered broadly comparable. The predictions from the new equation correspond to normal faulting. To make the graphical comparisons in Figure 11 , very few adjustments are required because the equations use the same magnitude scale and essentially equivalent definitions of the horizontal component, because Beyer and Bommer (2006) recently confirmed the assertion of Joyner and Boore (1988) that the median values obtained using both components or their geometric mean are the same. Pankow and Pechmann (2004) use the same R jb distance metric used in the new equation, but Skarlatoudis et al. (2003) use R epi . For this reason, the comparisons with the Greek equation are only made for the smallest magnitude, for which the two distance definitions may be considered equivalent. Scherbaum et al. (2004) have shown that there is so much uncertainty in the relationship between the two measures for larger events so as to preclude making meaningful comparisons if a single value is to be used, notwithstanding that exactly such an adjustment was made for the graphical comparison shown in the right-hand panel of Figure 2 . The comparisons are made for rock and soft soil sites; the site classifications used in the three equations are not identical, but the comparisons made here are for comparable site classes.
A few observations can be made on the comparisons. Pankow and Pechmann (2004) , labeled as PP04 in the plots, predict very similar values on rock to the new equations for M 5.5 and 6.5. The same observation can be made for the soft soil sites; in both cases, the differences are rather small and could be largely the result of the magnitude-dependent attenuation model used in the present study. The most significant differences are observed for large (M 7.5) magnitude, in which case the new equation predicts much lower values of PGV than PP04. The difference is as high as a factor of 2.25 for rock sites when R jb ‫ס‬ 1 km. One particular reason could be the dominance of the 1999 İzmit and Düzce earthquake records in the database that, as noted previously, produced ground-motion amplitudes that seemed unexpectedly low when compared with predictions from existing equations. The other reason may be the linear magnitude scaling of PP04, which in contrast with the new equations means that the saturation of ground-motion values at higher magnitudes is not captured. Another reason that the predictions of Pankow and Pechmann (2004) are much higher than those of the new equation for M 7.5 is that the equation of Pankow and Pechmann (2004) (and that of Joyner and Boore [1988] , where the magnitude scaling comes from) was derived using very few data from earthquakes with M Ͼ7.0.
When PGV GM predictions computed from this study are compared with those of Skarlatoudis et al. (2003) , labeled as Setal03 in the plots, one can observe that the PGV GM predictions by Setal03 are significantly smaller than the ones estimated by both this study and PP04. One particular reason for this discrepancy may be the regionally limited data used by Skarlatoudis et al. (2003) , which may not contain many high values of PGV. Such large differences between Setal03 and the other prediction equations compared here could also be attributed to the influence of high-pass filtering. Figure 12 compares predicted median values of the larger component of PGV for reverse faulting earthquakes from the new equation and three existing European equations: Sabetta and Pugliese (1996) , Tromans and Bommer (2002), and Bragato and Slejko (2005) , labeled as SP96, TB02, and BS05, respectively, in the plots. This time the comparisons are made for rock, stiff soil, and soft sites, since equivalence can be assumed among the schemes used for the equations. Predictions are only shown for two magnitudes in order not to crowd the graphs. The new equation is set with F R ‫ס‬ 1 and the Bragato and Slejko (2005) equation is based on data from a region that is dominated by reversefaulting earthquakes; the other two equations do not include style-of-faulting as a predictor variable.
No adjustment is required for the distance because all the equations used R jb , but the equations do use different magnitude scales. Sabetta and Pugliese (1996) state that their hybrid magnitude scale is designed to be equivalent to M, so for that relationship no adjustment is applied. For Tromans and Bommer (2002) , M is converted to M s using the empirical relationship of Ambraseys and Free (1997) . For Bragato and Slejko (2005) , M is converted to local magnitude M L using the empirical relationship for the Friuli region derived by Douglas (2004) . The BS05 predictions are only plotted for M 6 (M L 6.05) because the equation is not valid for larger magnitudes. The BS05 is compared only for stiff site class as the authors stated that their expressions can be considered valid for rather rigid soil. In terms of horizontal component definitions, three of the equations employ the larger horizontal PGV value, so adjustment only needs to be made for BS05, which employs the maximum vector resolution of the two components. Using the relationships of Beyer and Bommer (2006) , the PGV values predicted by BS05 were multiplied by 0.92 to provide estimates of the larger component of motion.
Many interesting observations can be made on Figure 12 . First, the predicted PGV values from Bragato and Slejko (2005) appear to be low compared with the other equations. Note that there is some uncertainty in the conversion of M to M L , which may have affected this comparison. The Bragato and Slejko (2005) equation is derived from a database in which the largest magnitude is M L 6.3, but the data are actually rather sparse above M L 5, whence it may be poorly constrained at M 6. Bragato and Slejko (2005) , in common with other recent studies, have noted how equations derived from larger-magnitude events tend to overestimate the ground motions from smaller-magnitude events, and the differences in Figure 12 could reflect the associated conclusion that equations from smaller events will tend to underestimate motions from larger earthquakes.
The second observation that can be made is that the SP96 equation predicts similar values to the new equation for M 6 but at M 7 it predicts larger values at short distances and then decays more rapidly with distance. These features probably can be associated with the lack of saturation with larger magnitudes and at shorter distances in the SP96 equation, which has magnitude-independent attenuation and does not include a quadratic magnitude term. It should also be borne in mind that the largest magnitude in the SP96 dataset is M s 6.8 whence the comparison at M 7 is, strictly speaking, outside the range of applicability of this equation.
The most important comparison is that with TB02, because the new equation is effectively meant to replace the previous pan-European equation. The most important observation that can be made, other than the obvious differences that arise from the new equation including a magnitudedependent geometric spreading model, is that the new equation predicts consistently higher PGV values, although for the larger magnitude and relatively short distances, the differences are less pronounced. The differences might be reduced if a suitable adjustment was made to the TB02 equation, which is independent of style-of-faulting, to predict ground motions for reverse mechanisms, following a scheme such as that proposed by Bommer et al. (2003) for responsespectral ordinates. The primary cause of the lower amplitudes predicted by the TB02 equation, however, is likely to be the rather severe filter cutoffs that were applied to the records for the earlier study, as discussed previously.
Comparisons of the new equations with existing European equations is somewhat academic because the premise for this study was precisely that new equations are required. More interesting perhaps are comparisons with equations for other active regions of crustal seismicity, most notably western North America. Figure 13 compares predictions from the new European equation with predictions from the preliminary results by Boore and Atkinson (2006) and Campbell and Bozorgnia (2006b) in the NGA project.
Although the NGA equations by Boore and Atkinson (2006) employ a new definition of the geometric mean component , there is no need to apply any adjustment since the median values have been demonstrated to be equivalent to those from the standard definition used in our study (Beyer and Bommer, 2006) . The predictive equations of Campbell and Bozorgnia (2006b) are derived for geometric mean PGV. The distance measure used by Boore and Atkinson (2006) is the Joyner-Boore distance, whereas Campbell and Bozorgnia (2006b) employ R rup , the closest distance to fault rupture, which can be converted to R jb by using empirical relationships (e.g., Scherbaum et al., 2004) . In their report Campbell and Bozorgnia (2006b) presented the PGV GM predictions both in terms of R rup and R jb and comparisons presented in Figure 13 directly use their results in terms of the latter metric. All studies use M. The NGA equations by Boore and Atkinson (2006) and Campbell and Bozorgnia (2006b) The first striking observation is that at distances greater than 15 km from the source, all equations predict very similar values of PGV. At shorter distances, the new European equation predicts higher PGV values on stiff and soft soil sites when compared with BA06. This observation is also true for small event (M 5) PGV predictions when compared with CB06, but both the new European and CB06 predictions are in very good agreement for M 7. The higher PGV estimations of the new European equation might be due to the absence of a model for the effects of soil nonlinearity. The BA06 equation considers soil nonlinearity by using the model of Choi and Stewart (2005) , whereas CB06 uses a nonlinear site-response model developed by Walling and Abrahamson (2006) . The large differences for distances less than 10 km need to be interpreted remembering that the European equations are not well constrained for very short distances because of the lack of data within 5 km of the earthquake sources. Although it may not be immediately apparent, because the plots in Figures 12 and 13 have different vertical scales, the differences between the new European and NGA equations is no greater than the differences between the new European equation and the previous European equation of Tromans and Bommer (2002) . These findings add weight to the argument of Campbell and Bozorgnia (2006a) that the NGA equations may be applicable for use in seismichazard assessments in Europe. Extending their conclusions further, the results indicate that a logical next step in the development of the NGA project would be to incorporate the complete European database and derive new equations that would probably be applicable to all active crustal regions with the possible exception of volcanic areas (Bommer, 2006) .
Concluding Remarks
A new PGV predictive equation for use in the seismically active areas of Europe and the Mediterranean has been derived using a carefully processed strong-motion databank of analog and digital accelerograms. The motivation behind this study is the growing number of applications of PGV in engineering seismology and earthquake engineering. PGVs are often estimated by scaling of response-spectral ordinates, which is a very unsatisfactory but widely used approach that has resulted, in large part, from the relative lack of PGV prediction equations.
The new equation supersedes the only existing panEuropean prediction equation for PGV derived by Tromans and Bommer (2002) . This earlier equation is believed to underestimate PGV values as a result of the excessively severe low-cut filters that were applied in the processing of the accelerograms. The present study has used an expanded European strong-motion dataset that has been reprocessed as described by Akkar and Bommer (2006a) .
The new European PGV equations have been derived for both the larger horizontal component of motion and the geometric mean component, whereas Tromans and Bommer (2002) , in common with most European strong-motion studies, considered only the former definition of the horizontal component of motion. The functional form of the predictive equation is also considerably more sophisticated, including a quadratic term in magnitude and magnitude-dependent geometric attenuation, as well as incorporating the influence of style-of-faulting, which was not included in the Tromans and Bommer (2002) equation. A feature of the new equation that might be considered a shortcoming is that it does not include nonlinearity in the amplification effect of stiff and soft soil sites. Investigation of the residuals showed only a very weak influence of soil nonlinearity, but the dataset employed is not yet adequate to clearly distinguish this effect. In this respect, it is important to point out that the geotech-nical information available on most European strong-motion recording stations is very limited and the classifications are often based on little more than descriptions of the surface geology. Many efforts are currently underway in Europe to improve the site classification of strong-motion accelerograph stations.
A major advantage of the new equation that predicts the geometric mean PGV in terms of M, source-to-site distance, site classification, and style-of-faulting is that direct and meaningful comparisons can be made with the PGV equations being produced by the NGA project. The only appreciable differences between the new equations and the NGA predictions is at short distances, which may be due to the lack of European data at less than 5 km from the source and the absence of soil nonlinearity effects in the new European equation. The PGV comparisons suggest that there are no important systematic differences and, therefore, that the NGA equations for peak ground-motion parameters and spectral ordinates, and other equations being derived, for example, for durations (Kempton and Stewart, 2006) , may be used within Europe and the Middle East. This also suggests that the full European strong-motion data set might be combined with the existing NGA database to allow the derivation of even more robust predictive equations for application in active crustal regions worldwide.
